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SEQUENCE STR ATIGR APHY AND HIGHRESOLUTION SEQUENCE STR ATIGR APHY
Sequence stratigraphy is the subdivision of sedimentary-basin fi lls into smallscale packages bounded by discontinuities (surfaces that represent a change in the sedimentation regime, and/or erosion). In its most commonly accepted version, sequence stratigraphy is based on the concept that the formation of those sedimentary sequences is related to relative sea-level changes (Posamentier et al., 1988) . It has its roots in the principles of seismic stratigraphy based on the analysis of strata geometries as seen on seismic profi les, which provide a vertical image of Earth's sediments and surfaces.
This tool was developed in the 1970s by Peter Vail and his colleagues at Exxon Production Research Company (Vail et al., 1977) . The question of whether these relative sea-level changes are induced by global eustasy (a uniform worldwide change in sea level), tectonism, or a combination of several factors remains a matter of controversy (Miall and Miall, 2001 ).
Initially, seismic and sequence stratigraphy were designed to interpret sequences with a resolution of several tens of meters that broadly correspond to 0.5 to 3 million year sequences. Later, similar concepts were adapted to the recognition of higher-frequency cycles (0.1-0.5 and <0.1 million year cycles) on outcrops, in well data, or on high-resolution seismic profi les from Quaternary continental margins. However, the application of sequence stratigraphic concepts to such deposits is questionable because these concepts are very sensitive to processes other than relative sea-level changes. For instance, the abrupt shift of deltaic lobes may create depositional architectures that mimic that of sequences formed by abrupt sea-level rise.
SEA LEVEL CHANGES DURING THE QUATERNARY
In terms of unraveling the relative infl uence of "global" (sea-level) The oxygen isotope data from deepsea foraminifera provide a time-averaged record of deep-sea temperature and continental ice volume (the oxygen isotope ratio increases with the amount of ice on the poles). These data show that the transition to the "icehouse world" started with an overall cooling during the early Oligocene (around 32 Ma) with the initiation of Antarctic ice sheets, followed by a more pronounced cooling starting during the Pliocene around 3.2 Ma, related to northern hemisphere glaciation (Zachos et al., 2001 Figure 1 ). Despite the fact that the absolute value of sea level during glacial maxima (Clark and Mix, 2002) and some other time intervals is still debated, these curves are much more precise than those established from sequence stratigraphic interpretation (Haq et al., 1988) or composite oxygen isotope records (Abreu and Anderson, 1998) (Jouet, 2003) . Figure 2 . Th ree-dimensional view of the Gulf of Lions continental margin. Depths range from 0 to 2500 m. A paradox of marine sciences is that, nowadays, the morphology of the deepest part of most continental margins is better known than the continental shelves. Th is is due to the functioning of swath bathymetric systems, which produce much more data in deeper water depths. Investigation of continental rises at 2000 m depth (in the western Mediterranean Sea) only requires track lines spaced a few kilometers apart, whereas the inner shelf needs spacing of less than 100 m. A great advantage of the Gulf of Lions is that the entire margin is well mapped, from the coastline to the deep sea. All together, a detailed digital terrain model (DTM) was established, revealing the key morphological elements of the margin (Berné et al., 2002) . Th e Rhône deep-sea fan forms at the outlet of the "Petit Rhône" canyon. Th is major sedimentary body covers about 70,000 km 2 . It is made up of Plio-Quaternary sediments that reach a maximum thickness of 3,600 m in the central fan (Droz, 1983) . Th e most striking features are submarine canyons, some of them as deep as 800 m. Th eir location is directly related to the position of rivers (diff erent distributaries of the Rhône, and some smaller rivers from the Massif Central and the Pyrénées) during the Last Glacial Maximum, or during former glacial periods. Th e relief is much smoother on the shelf, and is therefore represented on a close-up view in Figure 3 . . Th e yellow to green boundary corresponds to the step between glacial sands and prodeltaic muds, at depths between 98 and 120 m (see also Figure 4 ). Th is step can be tracked almost continuously along the margin. Note the sediment bulge formed at the position of the Rhône delta. Direct connections between glacial shoreline and canyons can be observed in 1, 3, 4b, 6, 7. Th e black line corresponds to the position of the seismic profi le shown in Figure 4 . Th e numbers in this fi gure correspond to the following canyon names: 1) Lacaze-Duthiers, 2) Pruvot, 3) Bourcart or Aude; 4a to 4c) Hérault, 5a-b) Sète; 6) Marti; 7) Petit Rhône, 8) Grand Rhône, 9) Estaque, 10) Marseille, 11) Planier, and 12) Cassidaigne. are deposits formed during a still-stand of sea level. Th e most landward B.P.1 (brink point 1) corresponds to the position of a former shoreline when sea-level rise slowed down during the overall deglacial sea-level rise. P1, P2, and so on, are forced regressive systems tracts formed during the last Quaternary falling stages of sea level. Early diagenesis of C.S. (cemented sands) in subaerial, intertidal, or submarine settings may result in rocks that will better resist erosion than surrounding loose sediments. Such pinnacles are colonized afterward by calcareous algae and corals. Th e off shore sands formed during the falling stage of sea level. Th eir seaward limit is an abrupt step (B.P.2) that reaches 20 m in height. Note that this limit, which roughly corresponds to the position of the sea during the last stabilization of sea level during the glacial period, is about 15 km from the shelf break. On conventional seismic data from the oil industry, the shelf break, identifi ed as the "offl ap break," is generally considered as equivalent to the position of sea level. Note the erosional nature of the seafl oor beyond the position of sea level during LGM, down to the shelf break (i.e., about 135 m below sea level). Th is is an illustration of the importance of submarine erosion, an aspect that was generally overlooked by sequence stratigraphers. 
SEA LEVEL CHANGES RECORDED IN CONTINENTAL MARGIN SUCCESSIONS: THE NORTHWEST MEDITERR ANEAN SEA AS AN EXAMPLE
Buried Shorelines From Former Glacial Periods
The processes that formed isolated sands at the shelf edge during the last glacial cycle acted repeatedly during the last 500 kyr. This was possible because the subsidence rate at the shelf edge approximates the sediment accumulation rate (about 25 m/100 kyr, [Rabineau, 2001] Figure  5 ). Major bounding surfaces (D20, D30...) are erosional surfaces formed under marine and/or subaerial erosion. Beyond the action of storm waves during low sea-level periods (about 200 m below present sea level), these major bounding surfaces progressively pass to conformable surfaces (named correlative conformities). Along the upper slope, some of these surfaces are underlined by buried pockmarks, similar to those observed on the seafl oor. In-fi lled canyons, now situated several kilometers landward of the shelf break, demonstrate the overall progradational nature of this shelf. Chronostratigraphic data (for the recent-most 35 ka to 10 ka interval) and stratigraphic modeling (see Figure 8) suggest that discontinuities D30, D40, D50, and D60 correspond to low sea levels of Marine Isotope Stages 12, 10, 8, and 6, respectively (Rabineau, 2001; Rabineau et al., in press) . Units with steep internal refl ections (named clinoforms) (U150s, U140, U80, U60s) correspond to buried shoreface sands formed during the falling of sea level prior to MIS 2, 6, 8, and 10, respectively. GL1 and GL2 are proposed targets for PROMESS 1 drilling sites.
angle of rotation with respect to a hinge point situated landward) were calculated through the last 5.3 million years (Rabineau, 2001) Debris, linked to iceberg melting and discharge), these changes can also be identifi ed in Mediterranean sediment cores because of strong variations in (paleo)temperature proxies (Cacho et al., 2002) . In addition, between HE, other periodic changes in several paleoceanographic proxies can be observed in both ice cores and marine sediment cores, such as the Dansgaard-Oesschger (DO) cycles Dansgaard et al., 1993) . These as yet poorly under- 
PERSPECTIVES AND CONCLUSIONS
In areas where dense seismic coverage of Conversely, access to a precise chrono- Figure 8 . Stratigraphic modeling using DIONISOS software. Th is image shows shoreface/shelf sequences modeled for the last 540 kyr period, using a constant subsidence rate of 25.5 m/100 kyr at the shelf edge, a constant sediment fl ux of 6 km3/Myr, and the SPECMAP sea-level curve (Rabineau, 2001; Rabineau et al., in press ). Th e model simulates geometries similar to the actual architecture observed on seismic profi les (see Figures  6 and 7) , especially for high-angle clinoform units. A diff erence is that Holocene off shore muds are much thinner in reality than in the model, and they are bypassed seaward, instead of on-lapping
LGM shoreface sands. Numbers within shoreface units correspond to marine isotope stages. DIONISOS software was developed by Institut Francais du Pétrole (Granjeon and Joseph, 1999) . PROMESS 1 will focus on the last ca. O record correspond with high ice-sheet development (cold periods). Note the peak of the foraminifer Neogloboquadrina pachyderma sin., which correlates with Heinrich Event 2. Heinrich Event 1 is mainly marked by the development of cool water morphotypes >4 microns of Emiliania huxleyi. Other changes are detectable, probably related to Dansgaard-Oeschger pulses, but a correct interpretation will require additional higher-resolution sampling. Numbers in yellow labels represent 14 C Accelerator Mass Spectrometer ages converted into calendar years.
